• The tree of life is highly reticulate, with the history of population divergence buried amongst 42 phylogenies deriving from introgression and lineage sorting. In this study, we test the 43 hypothesis that there are regions of the oak (Quercus, Fagaceae) genome that are broadly 44 informative about phylogeny and investigate global patterns of oak diversity. 45
oaks. We use reversible-jump MCMC to reconstruct shifts in lineage diversification rates, 48 accounting for among-clade sampling biases. We then map the > 20,000 RAD-seq loci back to 49 a recently published oak genome and investigate genomic distribution of introgression and 50 phylogenetic support across the phylogeny. 51
• Oak lineages have diversified among geographic regions, followed by ecological divergence 52 within regions, in the Americas and Eurasia. Roughly 60% of oak diversity traces back to four 53 clades that experienced increases in net diversification due to climatic transitions or ecological 54 opportunity. 55 Introductionbe plausible age ranges for the tree. A separate estimate of the best fit λ for the correlated clock model 162 was made using cross-validation as implemented in the chronopl function of ape, and that value of 
Investigating the genomic landscape of oak evolutionary history 174
Introgressive status of loci for two known introgression events involving the Eurasian white oaks 175 (McVay et al., 2017b) and the western North American lobed-leaf white oaks (McVay et al., 2017a) 176 was assessed by calculating the likelihood of phylogenies inferred for each locus under the constraint 177 of the inferred divergence history (species tree) and the gene flow history at odds with that divergence 178 history, as inferred in the studies cited above. These two cases are of particular interest because they 179 are well studied, and lineage sorting has been ruled out in the above studies as an explanation of 180 incongruence between the alternative topologies we test. Position of loci with a relative support of at 181 least 2 log-likelihood points for one history relative to the other were mapped back to the Quercus 182 robur genome (Plomion et al., 2018) . Analysis details are in the Supplement (Methods S1). 183
To identify relative phylogenetic informativeness of loci, two tests were conducted based on the 184 the Mexican white oak ancestor gave rise to an estimated 80 species in approximately half the time. 259
The Roburoids had divided into a European and an East Asian clade by the early Miocene under the 260 crown calibration, the late Miocene under the stem calibration. 261
Under the diversification scenarios implied by both the crown and the stem calibrations ( Fig. 1, 2) , 262 there are four relatively recent and nearly simultaneous upticks in diversification: white oaks of Mexico 263
and Central America; the red oaks of Mexico and Central America; the Eurasian (Roburoid) white 264 oaks; and the Glauca, Semiserrata, and Acuta clades of section Cyclobalanopsis. In addition, the 265
Eurasian white oaks and the southeastern U.S. white oaks (the Stellatae clade) and red oaks (the 266 Laurofoliae clade) show a lesser increase in diversification rate in both analyses, and the clade of 267 section Ilex that includes the Himalayan and Mediterranean species shows an uptick in diversification 268 rate in the stem calibration. This result is robust to missing taxa, as we find essentially the same clades 269 increasing in rate even assuming the 40% of missing taxa in our study were missing at random from the 270 tree , with the addition of a portion of section Ilex and some of the eastern North American 271 taxa as high-rate clades under the global sampling proportions model. 272
273

Genomic arrangement of RAD-seq loci 274
A total of 39,860 loci aligned to at least one position on the oak genome. The 12 275 "pseudochromosomes" (inferred linkage groups, corresponding to the 12 Quercus chromosomes) as 276 well as 360 scaffolds that did not map to the linkage groups were targeted by these loci. A total of 277 19,468 loci mapped to a unique position on a scaffold placed to one of the 12 oak genome 278 pseudochromosomes, an average of 1,622.3 ± 575.4 (s.d.) per chromosomes. Of these, 31.7% ± 8.1% 279 overlapped with the boundaries of a gene model (Fig. 3) , despite the fact that only 10.1% of the 716 280
Mb of the Quercus robur genome that fall within the 12 pseudochromosomes fall within the endpoints 281 of a gene model. 282
For the tests of introgression, 2,422 loci had taxon sampling appropriate to testing for 283 introgression involving Q. macrocarpa and Q. lobata (the Dumosae alternative topologies); 2,228 were 284 suitable to testing for introgression involving the Roburoid white oaks and Q. pontica (the Roburoid 285 alternative topologies); and 728 were suitable to testing both. Because we were interested in 286 investigating genomic overlap in support for different areas of the species tree, we limited ourselves to 287 the 728 loci that were potentially informative about both situations. Of these, 418 mapped to one 288 position on one of the Quercus robur pseudochromosomes; and of these, 297 exhibited a log-likelihood 289 difference of at least 2.0 between the better and more poorly supported topology for the Dumosae 290 hypothesis or the Roburoid hypothesis, or both (Fig. 4) . There was no correlation between the RoburoidFagus (Fagaceae) found an unambiguous deep split between North American and Eurasian beech 391 species that was also backed by fossils (Renner et al., 2016) , the fossil data we have to date do not 392 conclusively pin down the divergence between the North American and Eurasian white oaks. By 393 contrast, the inferred early Miocene split between western Eurasian and East Asian white oaks is 394 compatible with fossil evidence (Denk & Grimm, 2010) , lending support to the observed increase in 395 diversification rates observed in this study. 396
397
Taxonomy of the Mexican and Central American oaks 398
The general high species-coherence we observe in the all-tips tree provides strong evidence that oak 399 species, in general, are genetically coherent biological entities. The fact that 97 of the 147 species with 400 more than one sample cohere for all samples provides the broadest test to date of species coherence in 401 oaks. Among the species that do not exhibit coherence, the majority are from Mexico. Two sets of 402 examples suggest that the Mexican oaks, while having been the focus of extensive taxonomic study 403 (e.g., Trelease, 1924; Spellenberg & Bacon, 1996; Spellenberg et al., 1998; González-Villarreal, 2003; 404 Valencia-A., 2004; de Beaulieu & Lamant, 2010) , may harbor even higher species diversity than 405 current estimates. The examples of Quercus laeta (González-Elizondo et al., In prep.) Researchers working with them have noticed that northern and southern populations differ and may 409 constitute separate species as our molecular data suggest. These samples are from two centers of 410
Mexican oak diversity (Torres-Miranda et al., 2011 , 2013 Rodríguez-Correa et al., 2015) and may 411 reflect even higher species diversity in areas already known for high diversity. Interestingly, the 412 observed divergence between northern Mexico and the Jalisco and Oaxaca samples in these examples 413 appear to correlate with the formation of the Tepic-Zacoalco rift 5.5 Ma in the Jalisco block (Ferrari & 414 Rosas-Elguera, 2000) and not with climatic transitions during the Pleistocene, which has been argued 415 to be more a period of population movement than of speciation in the neotropics (Bennett et al., 2012) . 416
Notably, one of the youngest groups in the white oaks is located in the Sierra Madre Occidental, which 417 harbors great habitat diversity in relatively small areas (Torres-Morales et al., 2010) . The rugged and 418 relatively young topography, a product of magmatism and subduction processes that lasted up through 419 12 Ma (Ferrari et al., 2018) , and the convergence of temperate and tropical climates shaped the high 420 diversification rates. 421
Several other cases of confusing taxonomy involving Mexican and Central American species 422 are less clear. For example, the sect. Lobatae complex involving Q. eugeniifolia, Q. benthamii, Q.defined by different genes in different lineages, making evolutionary history of oaks a phylogenetic and 490 genomic mosaic. The effort to find a single best suite of genes for phylogenetic or population genetic 491 inference across the oak genus is thus unlikely to be successful, though markers can clearly be designed 492 for individual clades (Guichoux et al., 2011; Fitzek et al., 2018) . What is perhaps most remarkable is 493 that this heterogeneity of histories covarying independently along the oak genome yields, in aggregate, 494 an evolutionary history of the complex genus that mirrors the morphological and ecological diversity of 495 living and fossil oak species. 496
497
Conclusion 498
Questions about the genomic architecture of population differentiation and speciation are generally 499 asked at fine scales (Leroy et al., 2017 (Leroy et al., , 2018 , at the point at which population level processes directly 500 shape genomic differentiation. But microevolution-comprising processes at the population level-501 leaves an imprint in the phylogeny; when such impressions persist, they can often be detected using 502 topological methods that may be sensitive even to introgression along internal phylogenetic branches 503 (Eaton et al., 2015; Solís-Lemus & Ané, 2016; McVay et al., 2017b) . With multiple Fagaceae genomes 504 now becoming available (Staton et al., 2015; Plomion et al., 2016 Plomion et al., , 2018 Sork et al., 2016; Ramos et 505 al., 2018) , we may soon be able to detangle the mosaic history of oaks and understand what story each 506 gene tells. The current study makes clear that the phylogeny we unravel will neither be unitary nor told 507 by a small subset of the genome, as the regions of the genome capturing the divergence history for one 508 clade are not the regions capturing the divergence history of another. Understanding phylogenetic 509 history in the face of this variation is only one problem. It will be followed by a greater one: how do we 510 interpret the history of oak diversification in space and time if it is really a collection of diverse 511 histories from different regions of the genome, all reflecting different evolutionary pathways, all 512 equally real? 513
Fig. 1.
Singletons tree, calibrated using eight crown calibration fossils (solid lines) or 5 stem-818 calibration fossils (dotted lines). Single exemplars per species were analyzed using maximum 819 likelihood; multiple samples are included for some species to represent cryptic or undescribed diversity 820 (e.g., in Quercus arizonica, Q. laeta, Q. conzattii) or named infraspecies (e.g., varieties of Quercus 821 agrifolia and Q. parvula). Labels to the right of the tree indicate subgenera (black) and sections 822 (medium gray) following the latest taxonomy for the genus (Denk et al., 2017) . Branch colors represent 823 net diversification rates estimated using reversible-jump MCMC in BAMM (Rabosky, 2014) , 824 integrating over uncertainty in the timing and location of shifts in lineage diversification rates. 825 rjMCMC was conducted with explicit lineage-specific sampling proportions specified, and thus 826 accounts for the relatively low species sampling in the Mexican / Central American oaks and the 827 Quercus robur genome pseudochromosomes are included in this figure and analyses reported in the 844 paper. Chromosome length is based on total sequence length of scaffolds assigned to the Q. robur 845 pseudochromosomes. Genomic position of loci overlapping vs not overlapping a gene was determined 846 by detecting overlap of the RAD-seq locus start and end points with start and end points of the 25,808 847 gene models reported for the Q. robur genome (Plomion et al., 2018) . 848 325 RAD-seq loci with a log-likelihood difference of at least 2 between trees constrained to be 854 monophyletic for the Roburoids vs those placing the Roburoids with Q. pontica (194 loci); those 855 differing by at least 2 between trees constrained to be monophyletic for both the Dumosae and the 856 Prinoids vs those placing Q. lobata or Q. macrocarpa in the opposing clade (290 loci); or both (159 857 loci). These two hypotheses were selected because the topological differences have been demonstrated 858 in prior studies (Crowl et al., In review; McVay et al., 2017b,a) The most genetically unique clades within each subgenus (sect. Lobatae for subgenus Quercus; sect. 874
Cerris for subgenus Cerris) are placed on the right side of the graph; the distance to the spider-web-like 875 center of the graph, which in this case may represent the point-of-origin (being also the mid-point 876 between all tips and the connection of both subgenera) reflects the corresponding phylogenetic root-tip 877 distances observed in the ML tree. Tree-like portions may be indicative of bottleneck situations in the 878 formation of a clade; fan-like portions reflect potential genetic gradients developed during unhindered 879 radiation (geographic expansion; note e.g. the position of Texan white and red oaks; strict West-East 880 ordering within sect. Ilex), i.e. absence of major evolutionary bottlenecks. 881 
